Abstract. The magnetization and deflection profiles of magnetic clusters in a Stern-Gerlach magnet are calculated for conditions under which the magnetic moment is fixed in the intrinsic frame of the cluster, and the clusters enter the magnetic field adiabatically. The predicted magnetization is monotonic as a function of the ratio of magnetic energy #oB to the rotational thermal energy ksT. In low field the average magnetization is 2/3 of the Langevin function. The high-field moment approaches saturation asymptotically as B 2/2 instead of the B-1 dependence in the Langevin function.
Introduction
The magnetization of small clusters composed of ferromagnetic elements have been studied by their deflection in a Stern-Gerlach magnet [1] [2] [3] [4] [5] . It is reasonable to suppose that the magnetic field changes slowly, so that the clusters respond adiabatically to the changing fields going in and out of the magnet. In general, the ensemble of clusters is characterized by temperatures for the vibrational and rotational degrees of freedom. If the ferromagnetic element has a high coercivity and the clusters are cold, the magnetic moment will be frozen in the cluster during the traversal of the Stern-Gerlach apparatus and the vibrational temperature plays no role. We shall study this limiting case, showing that the magnetization of spherical clusters then depends only on the ratio of magnetic energy to rotational thermal energy.
In a previous paper [6] , two of us studied this problem using a quantum mechanical description of the rotor. However, the typical angular momenta are high enough so that quantization of angular momentum does not play a significant role. In this paper, we treat the problem completely classically. The same classical Hamiltonian was considered by the authors of [3] who numerically integrated the equations of motion to find the adiabatic magnetization. Another numerical study of the frozen adiabatic limit was presented in [7] . Our approach is more analytic; we shall make use of an adiabatic invariant in the Hamiltonian of an axially symmetric rotor. The existence of the invariant allows the problem to be solved in terms of the elliptic integrals of the first and second kind. Because of the reduction to integrals, we are also able to extract the limiting behavior in low and high magnetic fields. Our results agree with the quantum study [6] but are at variance with the conclusions of [7] .
Rigid body motion in a magnetic field
We first write down the general Hamiltonian for a magnetized rigid body. In terms of the principal moments of inertia o¢1, J2 and -d3, the magnetic moment #o and the field strength B, the Lagrangian is given by 
(2.4)
The Euler angle q5 is a cyclic coordinate, and this gives rise the second constant of motion, the angular momentum component along the magnetic field direction. Hence For a general set of parameters (JlJ2J300Oo), the motion is not integrable and can only be solved numerically. However, the simpler case in which the rotor has a symmetry axis does have an additional constant of motion and therefore can be solved completely. Taking two of the moments of inertia equal, J, = J2, and assuming that the body is magnetized along the symmetry axis (00 = 0), the Lagrangian becomes Insertion of these solutions into the energy function yields
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where the effective potential is given by ~½ef(0) (mz --m3 cos 0) 2 = 2o¢, sin 2 0 --#oBcos 0, (2.13) and the shifted energy E' is defined as E' = E ---(2.14) 2J3 Through the two constants of motion, the dynamical variable 0 is separated from two others, and the motion of the present system turns out to be completely integrabte. The polynomial f has three roots ui,
The periodic motion called nutation takes place in the interval between two roots [ul, u2] (l = u2K(v) + (u2 -uo)E(v) , (2.23) K(v) where v = (u2 -ul)/(u2 -Uo).
Adiabatic invariance
In the previous section, the time-averaged magnetization was obtained as a function of the variables E, m3, and m~. The latter two are constants of the motion and therefore
